Abstract With the Gibbs free energy method, we determine the molar fraction in a plasma at and out of thermal equilibrium consisting of air and aluminum for several percentages in the temperature range of 500-6000 K. We take three temperatures into account (T rot = T h ; T vib ; T ex = T e ). We indicate the formulae and the numerical method used to perform the calculation taking three condensed phases AlN, Al, Al 2 O 3 into account. We show that the air percentage plays a major role to create these phases. We clarify the role plays on the vaporization temperatures and on the sublimation temperature by the non-thermal equilibrium of the plasma. This kind of plasma is found in arc roots, near a wall, in plasmas with a high value of electrical field,… The influence of the pressures until 30 9 10 5 Pa. is shown on molar fraction of the chemical species, on the vaporization temperatures and on the sublimation temperature. The vaporization temperatures are given versus the thermal non equilibrium versus various mixtures (air, aluminum) and versus the pressures (10 5 Pa-30 9 10 5 Pa).
Introduction
In several set-ups, such as in plasma ignition technology [1] , in arc tracking [2] , for Current Interrupt Device (CID) inside elements of lithium-ion battery [3] , for the arc welding [4] … the electrodes and the wires are made of aluminum. During the process, the interaction of air and aluminum plays a key role. Furthermore the electrical field can reach very high value that can lead the plasma to be out of thermal equilibrium (the electrons get a higher temperature than the one of heavy species). At low temperatures, the condensed phases can be conductive or insulating and then have a major influence on the electrical circuits. During the work of the set up the variation of air proportion can appear and the pressure can vary.
To model such plasmas the interaction between electrical arc and the material surface is a key parameter to improve Computational Fluid Dynamic (CFD) calculation codes [5] . To describe the arc roots, we have to know the electronic flux for example thermionic electron emission flux. This latter depends on the surface temperature of the electric contacts [6] . Thus the sublimation temperature or the vaporization temperature are fundamental to knowing when the solid sublimates or liquid vaporizes. This is used in CFD code to test when the mesh of solid or of liquid has to be replaced by a gas or plasma [7] . Furthermore, it is well known that close to the cathodic surface or close to a sheath the plasma is out of thermal equilibrium due to high electrical field or to diffusion [8] . To model these areas one has to answer to the question: are the vaporization and sublimation temperatures of the metal a function of the degree of thermal non-equilibrium?
So, the purpose of the paper is to show the influence of the air proportion, the thermal non-equilibrium and the pressures on the chemical processes, notably the condensed phases. These latter can be created after extinguishing of the electric default (electric arc, spark, hot gas…). We show that the vaporization temperatures of Al 2 O 3 and Al as well as the sublimation temperature of AlN depends on the considered physical constraints.
In a first part, we depict the needed data, the physical formulae and the numerical method. In a second part, we determine the molar fraction in the temperature range of 500-6000 K versus proportion of air and aluminum at thermal equilibrium and at 10 5 Pa. In a third part, we determine molar fraction with a plasma out of thermal equilibrium. For the internal temperatures, the rotational temperature T rot is assumed to be closed to the translational temperature of heavy species T h , the excitational temperature T ex closed to the translational temperature of electrons T e and vibrational temperature T vib is assumed to be intermediate between T e and T h as T vib ¼ ffiffi ffi h p T h . The considered heavy species temperature are included between 500 K and 6000 K. The calculation are made for a mixture of 10 % of air and 90 % of aluminum, for a mixture of 50 % of air and 50 % of aluminum and for a mixture of 90 % of air and 10 % of aluminum. The vaporization temperatures and sublimation temperature are studied versus the non-thermal parameter h ¼ Te Th . In a third part, we study the influence of pressure between 10 5 Pa until 30 9 10 5 Pa.
First Step Determination of Liquid Phase and Solid Phase
The dry air composition is that given by the US Standard: N 2 78.084 %; O 2 20.9476 %; Ar 0.934 %; CO 2 0.0314 % in molar percentage [9] . In the calculation we take into account the Aluminium oxide In multitemperature plasmas, following the Boltzmann distribution from populated quantum levels, one can define several kinds of temperatures: vibrational, excitational, rotational and translational. We assume that the rotational temperature, vibrational temperature, excitational temperature are the same for all the diatomic species and the excitational temperature are the same both for monatomic species and diatomic species. We assume that for all the heavy chemical species, neutral and ionic, translational temperatures have the same value. So, the translational temperatures of heavy species are the same for all kind of species omitting electrons. Usually the rotational temperature is assume to be closed to the translational temperature of heavy species and the temperature of excitational temperature closed to the translational temperature of electrons. The measurements made in several set-ups [11] [12] [13] show that the vibrational temperature is intermediate between the heavy species temperature and electronic temperature so we choose the following assumption on the temperatures:
For all considered chemical species, the translational partition function is written as:
where k is the Boltzmann constant, h the Planck constant, m i the mass of the i chemical species, P 0 the standard pressure (10 5 Pa) and T tr equal to T e for electrons and to T h for heavy species.
We take into account for the monatomic species, the internal partition function written as [14] :
where g n; l; s ð Þ and E n; l; s ð Þ are respectively the degeneracy and energy of the state with principal quantum number n, azimuthal quantum number l and spin s [15] . To increase the accuracy of the partition function at high temperatures, some authors [16] add levels with the help of the Ritz-Rygdberg series. Due to our temperature range between 500 and 6000 K only the low energy levels are populated [14] so we considered only the levels given in literature.
For the diatomic molecules, the treatment is the one given by Drellishak and al [17] at the thermal equilibrium. Then the internal partition function is written as:
where J is the rotational quantum number; F n; v; J ð Þ is the rotational spectral term depending on the vibrational quantum v and on the electronic state n; G n; v ð Þ is the vibrational spectral term depending on the electronic state n; T e n ð Þ the electronic spectral term of the electronic quantum state, g n is the statistical weight of the electronic sate; r is a To get the partition functions in non-thermal plasmas we separate artificially the electronic, vibrational and rotational levels as in [18] and [19] :
With Z ex the electronic partition function, Z vib the vibrational partition function and Z rot rotational partition function. That is to say, in the calculation of diatomic partition function for example AlO we only take into account the levels of the first columns of Fig. 1a , b.
The chemical potential for monatomic species is written as:
With e 0 is the formation enthalpy of the considered chemical species.
Obviously the electronic excitation temperature and translational temperature are identical at thermal equilibrium.
The chemical species for diatomic species is written as:
• At thermal equilibrium all the temperatures are identical:
• And out of thermal equilibrium:
For the polyatomic chemical species and the condensed chemical species we take the chemical potential and the enthalpy formation in [10] . We assumed that the main constraint on the plasma properties is due to the pressure then we used the Gibbs free energy minimisation out of thermal equilibrium [20, 21] . So, the Gibbs energy of the system can be divided in three terms:
• The electrons contribution:
• The gaseous heavy species contribution:
• The liquid and solid species contribution: Several numerical methods have been developed in the case of complex chemical equilibrium compositions [22] , we have to modify the numerical method given in [23] and [24] to take into account all the condensed phases and the non-thermal equilibrium.
Influence of the Air Proportion
To depict the influence of air on the formation of condensed phases, we have chosen several proportions of air with pure aluminum. In Table 1 , we give the vaporization temperatures (Al 2 O 3 , Al) and sublimation temperatures (AlN) of nine mixtures and in Fig. 2 we have plotted the molar fractions for five featured and interesting mixtures.
In Fig. 2a , we have plotted the molar fraction of chemical species versus temperature for a mixture of pure aluminum at 90 % and in dry standard air at 10 % in molar percentage at 10 5 Pa. The main condensed chemical species is the aluminum in solid phase below 933 K and in liquid phase between this latter temperature and 2767 K. The second main condensed phase is the aluminum nitride that sublimate around 2682 K. The third main condensed phase is the aluminum oxide that is in solid phase below 2327 K and liquid until its vaporization around 2387 K. The argon is an inert gas. In Fig. 2b we have plotted the molar fraction of chemical species versus temperature for a mixture of pure aluminum at 65 % and of dry standard air at 35 % in molar percentage. The main condensed chemical species is the aluminum nitride aluminum that sublimates around 2672 K. The second main condensed phase is aluminum oxide that is in solid phase below 2327 K and liquid until its vaporization around 2537 K. The third is the aluminum in solid phase below 933 K and in liquid between this latter temperature and 2300 K. Since the initial concentration of atomic N is higher accordingly the AlN concentration is higher. An increase in the initial quantity of oxygen also increases the concentration of Al 2 In Fig. 2c we have plotted the molar fraction of chemical species versus temperature for a mixture of pure aluminum of 50 % and in dry standard air of 50 % in molar percentage. The main result is that we obtain only two main condensed chemical species. They are condensed aluminum oxide that is in solid phase below 2327 K and liquid until its vaporization around 2522 K and the aluminum nitride that sublimates around 2572 K. In fact, the number of atoms of O and N in the initial mixture is sufficient to react with condensed Al. In Fig. 2e , we have plotted the molar fraction of chemical species versus temperature for a mixture of pure aluminum of 10 % and in dry standard air of 90 % in molar percentage. Unlike previously, we observe only one condensed phase. It is the aluminum oxide Al 2 O 3 . Indeed, the number of initial atom O is sufficient to react with condensed Al and AlN to produce only condensed Al 2 O 3 . That is in solid phase below 2327 K and liquid until its vaporization around 3700 K. The main chemical species is nitrogen N 2 in all the considered temperature. Unlike previously we do not observe at low temperature carbon oxide CO but carbon dioxide CO 2 . As a matter of fact the number of O is sufficient to react with CO to produce CO 2 The Table 1 gives the vaporization temperatures and sublimation temperatures versus the molar percentage in aluminum and air. We observe that the aluminum vaporization temperature and the aluminum nitride sublimation temperature decreases when the percentage of air increases. Unlike the aluminum oxide vaporization temperature increases when the percentage of air increases.
Influence of Thermal Nonequilibrium
In Table 2 , we give the vaporization temperatures and sublimation temperature (heavy species temperature) versus the Al and Air proportion in molar percentage and versus thermal non-equilibrium parameter h ¼ Figs. 2a and 3a, we observe that the electronic concentration increases with parameter h for a given heavy species temperature. So the ionization of AlO appears at lower heavy species temperature. One other characteristic for ionized chemical species is that at thermal equilibrium (Fig. 2a) 
the main ionized chemical species is Al 2 O
? for temperatures lower than around 5000 K and Al ? for higher temperature in the considered temperature range. Unlike in the plasma out of thermal equilibrium (Fig. 3a) species temperature. One other characteristic for ionized chemical species is that at out of thermal equilibrium the main ionized chemical species is AlO ? for temperatures lower than around 5550 K and Al ? for higher temperature in the considered temperature range. Unlike in the plasma at thermal equilibrium, the ionized chemical species follow one to another successively Al 2 O ? until 4400 K AlO ? until 5650 K and Al ? in our heavy species temperature range.
The energy inside the plasma is higher for a given heavy species temperature. The electronic molar fraction increases and the dissociation temperature decreases when the thermal non-equilibrium increases. The vaporization temperature and sublimation temperature (heavy species temperature) follow the same trend. As a matter of fact, the excitation temperature for monatomic species and diatomic species is assumed to be close to electronic temperature. The chemical equilibrium is made between gaseous chemical species and condensed phases. We can notice the following featured atoms and molecules: Al gaseous with Al liquid and N 2 and Al with AlN solid and AlO with Al 2 O 3 liquid. The thermal equilibrium state can be estimated from an energy balance [25] . Then from the fitting coefficients of Table 3 one can evaluate the vaporization temperatures and the sublimation temperatures that can be used in a CFD code or for resolution of the Stefan problem [26] .
Influence of the Pressure
In Table 4 , we give the vaporization temperatures and sublimation temperature versus the Al and air proportion in molar percentage and versus the pressure (10 5 -30 9 10 5 Pa) at thermal equilibrium (h ¼ 1Þ. In Fig. 4a , b, we have plotted molar fractions versus temperature of a mixture of 90 % aluminum and 10 % of dry standard air and of 10 % aluminum and 90 % of dry standard air (in molar percentage) at thermal equilibrium and for a pressure of 15 9 10 5 Pa. About the presence of condensed phase the same conclusion can be made than at 10 5 Pa ( §II). For the mixture of 90 % aluminum and 10 % of dry standard air, comparing Figs. 4a and 2a, we observe that the vaporization temperatures and sublimation temperature are higher for higher pressures. The dissociation of Al 2 O appearing about 4250 K at 10 5 Pa appears around 5100 K for a pressure of 15 9 10 5 Pa. The same behavior can be observed for the ionization the neutrality between electrons and Al 2 O ? is made for higher temperature.
For the mixture of 10 % aluminum and 90 % of dry standard air, comparing Figs. 2e and 4b, we observed that the vaporization temperature of the aluminum oxide increases. The dissociation temperature increases consequently the electrical neutrality is made between electrons and AlO ? for higher temperatures. When the pressure increases, the vaporization temperature increases and the condensed phase can appear at higher temperatures. Indeed, Le Chatelier's principle demonstrates that an increase in system pressure causes the chemical reactions to shift to the side with the fewer moles of gas [27] . So for example the reaction: Al 2 O ? AlO ? Al is shifted to higher temperatures when the pressure increases.
Conclusion
The molar fraction in a plasma at and out of thermal equilibrium, with three temperatures We have shown that the air percentage plays a major role to create these condensed phases: at high proportion of air we get one condensed chemical species (Al 2 O 3 ) unlike at the low proportion of air where we get three condensed phases (Al, AlN, Al 2 O 3 ). Concerning the pressure and the thermal non equilibrium, they play the major role on the value of the vaporization temperatures and on the sublimation temperature. The values of these considered temperatures increases when the pressure increases. We have clarified the role play on the vaporization temperatures and the sublimation temperature by the non-thermal equilibrium. We have shown that the variation in the vaporization and sublimation temperatures can reach 800 K. This leads to large changes in the ablation processes that occur, for example in the cathodic arc root [6] . We have discussed the gaseous chemical species in chemical equilibrium with the condensed phase. Theoretical results can explain several behavior of set up when the condensed phase is created notably by electrical conductivity that are different one to another condensed phases [28] appearing after extinguishing of the electric arc or the plasma. The chemical species leading to the electrical neutrality have been studied during the plasma phase. One featuring chemical species is the diatomic AlO that can be used to evaluate the temperatures inside the plasma and of which concentration depends on the pressure and air proportion. Notably, the chemical equilibria between Al 2 O 3 (sol) and AlO Al and O. We can notice that the presence of CO 2 in standard air can be neglected since the purity of aluminum and the humidity cannot reach such level of purity. The real mixture is contaminated by pollutants originating from the aluminum. We have shown that for a given mixture of air and aluminum the same condensed chemical species appearing at 10 5 Pa. appear at higher pressures at higher temperatures.
